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Abstract
Time scales of strongly energy damped and fast processes in light heavy-ion reactions were measured in order to investigate
the dynamics involved in the collision. Particle–particle correlation functions at small relative momenta were measured to
determine the time scale of sequential particle emission in highly excited light composite systems and the values obtained are
compared to the lifetime of the compound nucleus determined by cross section fluctuations measurements. The results indicate
that in the case of light nuclear systems, a drastic time scale compression is observed, independent of the inelasticity of the
process, in contrast to the case of heavy systems for which the time difference between the fast and slow processes is at least
100–1000 times larger.
 2003 Elsevier B.V.
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Open access under CC BY license.Despite the systematic investigations of fusion
reactions over the last two decades, many ques-
tions regarding the reaction dynamics still remain
open. Moreover, the identification of the characteris-
tics which act as signatures of the competing reac-
tion mechanisms still remain uncertain [1–4]. It is ac-
cepted that the large-scale collective motion of nuclei,
present in fully energy damped reactions, is associ-
ated with large nuclear dissipation. Detailed studies
on binary decay of light nuclear systems [3,5] were
recently carried out to characterize the time evolution
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Open access under CC BY license.of these processes which remains as one of the unre-
solved questions. It has been long established that in
the case of collisions involving heavy nuclei (ACN >
100), a clear correlation exists between the inelastic-
ity of the process, the degree of isotropy in the final
state and also the duration of the process [1,2]. A clear
distinction is observed between fast energy-damped
processes (DIC or fast-fission with durations of τDIC ∼
10−21 s) and the formation of thermodynamically
equilibrated compound nuclei (CN) with lifetimes of
the order of τCN ∼ 10−16 s [6] which are significantly
larger than the transit time τ ∼ 10−22 s [7]. It is also
assumed that in these extreme cases, the equilibra-
tion of the shape degree of freedom is the last one
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scale of the process. In the case of very light sys-
tems (ACN < 40), all these time scales τ , τDIC and τCN
(which in the case of heavy systems may span over 4–5
orders of magnitude) collapse within less than one or-
der of magnitude, raising consequently the fundamen-
tal question whether the time scales of these processes
can uniquely be correlated to the reaction processes.
In order to address this point we report in this
Letter the investigation of the 10B + 16O, 12C +
19F and 12C + 16O reactions and will show that
the coexistence of compound nucleus and dinuclear
configurations in light heavy-ion collisions can be
clearly identified through their time scales. In order
to be sensitive to the time scale of different stages of
the collision and decay process, we used two different
techniques: (a) nuclear intensity interferometry by
means of the measurement of correlation functions at
small relative momenta for several particle pairs [8]
and (b) the direct measurement of the decay width
Γ of a compound nucleus state or resonance by
measuring the fluctuations of the cross sections for the
binary decay of the composite system [9].
The experiments were performed at the Pelletron
Laboratory of the University of São Paulo. The
particle–particle correlations at small relative mo-
menta have been measured at Ec.m. = 24 and
27.4 MeV for the 10B + 16O and 12C + 16O reac-
tions respectively, using a hodoscope composed of 14
triple telescopes [10] capable of measuring the kinec-
tic energy of the incident particle, allowing charge dis-
crimination up to Z = 15 and also mass discrimina-
tion for Z < 3 isotopes. These telescopes are packed
close enough (4.5◦ between neighbor detectors) to
measure relative momenta as low as 4 MeV/c. For
the cross section fluctuations measurements, the exci-
tation functions for the binary reaction channel prod-
ucts were obtained in the energy range 17  Ec.m. 
25 MeV for the 10B+ 16O and 22 Ec.m.  24 MeV
for the 12C+ 19F system, by determining the complete
kinematics, through the use of an array of solid state
position sensitive detectors in coincidence with a set
of 4 triple telescopes [10]. In order to obtain excitation
functions sensitive to the widths of the compound nu-
cleus states, as well as of the ones of possible dinuclear
configurations (including molecular resonance states),
we performed measurements of excitation functions
with small (δEc.m. ∼ 23 keV) and large (δEc.m. ∼200 keV) energy steps. Details of the experimental
setup and data analysis for both measurements can be
found in Refs. [11,12].
Initially we will present the results of the particle–
particle correlation measurements at small relative
momenta [11]. Such measurements can provide infor-
mation about the space–time extend of the emitting
source. It is expected that for particles sequentially
emitted within a short distance and/or time inter-
val, the mutual Coulomb repulsion would increase
their relative momentum and, therefore, a suppres-
sion in the yield of small relative momentum is ob-
served [13]. The anticorrelation observed is directly
related to the decaying system effective radius (r =
(r2CN + (vCNτCN)2)1/2). In particular, for low energy
light nuclei collisions, on the order of few MeV/A,
where the expected time scale between particle emis-
sion is large compared to its transit time, the effective
radius is dominated by the decaying system life time.
In this case, measurements of correlations at small rel-
ative momenta provide direct information on the time
scales involved in such reactions. Experimentally, time
scales can be obtained though the two particle correla-






where q is the relative momentum between the two
particles, Ya,b is the coincidence yield of particles
a and b with momenta pa and pb respectively, and
Yi(pi) is the yield of single particle i with momentum
pi . C is a normalization constant such as R(q)= 0 for
larger q values. Pairs of particles emitted in sequences
(a, b) and (b, a) within an average fraction fa,b =
1 − fb,a , where (fi,j ) is the fraction of particles
emitted in the sequence (i, j), contribute to the same
correlation. At our energies, a third particle c can be
emitted before both a and b or between them, but is
not being detected. An average lifetime τi (the time
for the emission of particle i after j is emitted) can be
associated with each of these steps. For the analysis in
this work, we used the code MENEKA [14], a Monte
Carlo code that simulates the sequential emission of
any two particles and for which the time scale is an
input parameter.
In order to address the emission order of the parti-
cle the velocity difference (vdiff) spectrum is generated
for all statistically significant particle pairs (i, j), with
A.A.P. Suaide et al. / Physics Letters B 579 (2004) 271–277 273Fig. 1. (a) Typical χ2-fit to the velocity difference spectra for the
10B+16 O system, as a function of the time scales τp,α and τα,p of
the p and α sequential emission. (b) Corresponding fit to the velocity
difference spectrum for the absolute minimum of (a). (c) Correlation
function for the reaction 10B(16O,pα) and the fit obtained from the
minimum χ2-value.
vdiff = vi − vj , where vi represent the modulus of the
velocity vectors for particle i [13] (Fig. 1(b)). In this
figure, we note that the vdiff spectrum is not centered at
zero. If two particles are emitted with a small relative
angle and the first particle has higher velocity than the
second one, the Coulomb interaction between them is
weak. On the other hand, when the second particle has
higher velocity it catches up to the first particle and
scatters so that the relative angle between the particle
increases changing the shape of the vdiff spectrum. For
each time scale pair (τ1,2, τ2,1), two vdiff spectra are
simulated, one for each emission order, and the emis-
sion fraction is obtained by fitting the simulated spec-
tra to the experimental one. The best χ2 value for each
time scale pair (and corresponding fraction) is plot-
ted in a 3-dimensional fashion in order to determine
the absolute minimum, which is associated with the fi-nal time scales and emission order fraction (Fig. 1(a)).
With these final values, a correlation function is sim-
ulated and compared to the experimental one as a fi-
nal check. This procedure has been adopted due to the
small number of data points in the anticorrelation re-
gion, turning the correlation function less sensitive to
three independent variables. The anti-correlation in-
duced by the Coulomb perturbation of the trajecto-
ries of the emitted particles is shown to be sensitive to
two different time scales corresponding to the contri-
bution of two orders of emission with a given fraction,
as shown in Fig. 1(c). In most of the correlation func-
tions analyzed, a single time scale for both emission
order does not describe the shape of the anticorrela-
tion observed. This procedure can be used in the case
of the sequential decay of nonidentical particles. De-
tails about the fit procedures can be found in Ref. [11].
In the case of identical particles the time scale is ob-
tained by the direct fit of the correlation function. The
results for the time scales extracted from this study are
presented in Table 1. We observe that all the values
obtained are within the 10−20 s order of magnitude
consistent with the picture of the formation of an equi-
librated intermediate compound nucleus for which the
systematic study presented in Ref. [6] predicts τCN ∼
10−20 s. It is important to note that the observed time
scales associated with light–light emission, such as p–
p, and light-heavy emission, such as p–N, agree with
each other within the experimental uncertainties de-
spite the fact that the former ones are probably related
to a sequential evaporation of the compound nuclei
and the latter ones are mainly related to a single step
evaporation and sequential binary breakup (fission-
like) of the remaining nucleus. In fact, as one can see
in Table 1, the emission fraction for the heavy-light
particle emission order is consistent with zero in all
the cases, indicating that the fission-like breakup fol-
lowed by light particle emission is not probable.
The small relative momentum correlation function
probes a later stage of the reaction dynamics, being
sensitive to the interval between the first and second
particle emission of the intermediate system. In order
to address the time interval between the formation
and first decay of the compound system we used
the technique of fluctuation analysis of the cross
section. The analysis of the observed cross section
fluctuations with respect to the average excitation
function, allows us to extract the average energy
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Experimental time scales obtained in this work by the interferometry (*) and cross section fluctuation methods. In the case of the cross section
fluctuation method the time scales are averaged over scattering angle and excitation energies. () indicates the results from large energy step
measurements
Reaction Γ (keV) τ1,2 (×10−20 s) τ2,1 (×10−20 s) f1,2 (%)
(*)10B(16O,pp) – 10.0± 1.8 10.0± 1.8 44±11
(*)10B(16O,pd) – 3.0± 1.0 3.0± 1.0 40±25
(*)10B(16O,pα) – 5.0± 0.8 13.0± 2.5 30±12
(*)10B(16O,αα) – 7.0± 1.0 7.0± 1.0 49± 2
(*)10B(16O,pC) – 4.0± 1.9 – 100± 4
(*)10B(16O,pN) – 1.0± 0.5 – 94± 8
(*)12C(16O,pp) – 13.0± 2.5 13.0± 2.5 46±12
(*)12C(16O,pα) – 2.0± 0.8 12.0± 3.8 41± 8
(*)12C(16O,dα) – 4.0± 2.8 7.0± 4.0 76± 3
(*)12C(16O,αα) – 12.0± 1.2 12.0± 1.2 46± 2
(*)12C(16O,pC) – 3.0± 1.4 – 97± 6
10B(16O,16 O)10B 33± 7 1.9± 0.4 – –
()10B(16O,16 O)10B 540±120 0.12± 0.03 – –
10B(16O,12 C)14N 27± 8 2.4± 0.7 – –
()10B(16O,12 C)14N 305± 50 0.22± 0.04 – –
12C(19F,19 F)12C 45± 5 1.5± 0.2 – –
12C(19F,16 O)15N 39± 6 1.7± 0.3 – –
12C(19F,15 N)16O 42± 8 1.6± 0.3 – –width Γ of the intermediate system states. These
widths are related to the lifetime by the uncertainty
principle τ = h¯/Γ (a decay width Γ ∼ 62 keV can be
associated with a lifetime of τ ∼ 10−20 s). In order to
minimize the effect of very slow energy varying cross
sections of direct components the data were taken at
θlab = 10,20,30,40 degrees, corresponding to θc.m. >
100◦ where energy relaxed processes are expected
to dominate the cross-section. Excitation functions
were obtained for the elastic, quasi-elastic (0 < E∗ <
8 MeV), and highly excited states, E∗ > 8 MeV (in
this latter case, the excitation functions are integrated
in excitation energy bins of 1 MeV in order to keep the
statistical errors small).
The energy width Γ can be obtained from the nor-
malized experimental energy autocorrelation function





〈σ(E, θ)〉 − 1
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〈σ(E + ε, θ)〉 − 1
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E
.The energy-averaged cross section 〈σ(E, θ)〉 has
been calculated using a polynomial fit. The sensitiv-
ity of the results to the degree of the polynomial has
been investigated carefully [12]. In general a 4th order
polynomial describes the average cross section quite
well. The decay widths can be obtained directly from
the NEAF when CN(ε, θ)= 0.5. The experimental er-
ror bars include the contributions due to the statistical
counting and the finite range of data (FRD). Typical
error bars in the NEAF are about 5–10% of the exper-
imental value. In order to be sensitive to a decay width
Γ (keV) an energy interval I has to be measured with
n values of cross section equally spaced in energy in
such a way that n= I
πΓ
+ 1 [9,15,16].
The NEAF were analyzed within the so-called par-
tially overlapped molecular level model (POMLM)
[15] that is being used to describe low-density over-
lapped levels that generate strong fluctuations in the
cross-section. The basic point of this model is the po-
lar expansion of the S matrix that connects a certain
initial to a final state configuration of the system. Dur-
ing this expansion coherent effects, such as the rota-
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duce the experimental data. The main parameters that
are varied in order to describe the data are basically the
average level width (Γ ), the intermediate system rota-
tion energy (h¯ω), the average angular momentum (J )
and its distribution (assumed to be Gaussian) width
(∆), and the defection angle (φ). Energy autocorrela-
tion functions were calculated based on this model and
compared to the data. To estimate the model uncertain-
ties some simulations have been done to evaluate the
behavior of the simulated NEAF as the model para-
meters were varied and compared to the experimental
data, resulting on average uncertainties on the order
of 10–15%. The experimental elastic scattering angu-
lar distributions were also compared to simulations in
order to check the overall model consistency. Details
about the fit procedure can be found in Ref. [12].
Fig. 2(a) and (b) displays experimental excitation
functions and the averaged cross sections. One impor-
tant feature to point out is that, in spite of the high
intrinsic excitation that the intermediate dinuclear sys-
tem may attain, and the consequent high single parti-
cle level density contribution to the cross section, the
fluctuations in the excitation function are not washed
out. The corresponding energy correlation function
CN(ε, θ) as well as the simulated NEAF are presented
in Fig. 2(c) and (d). The dependence of the width Γ on
the scattering angle as well as on the Q-value (Fig. 3),
indicates that the highly excited mutual excitations are
strongly dominated by the compound nucleus mecha-
nism whereas the elastic and quasi elastic transitions
display, in the case of the 10B+16 O reaction, signifi-
cant contributions of fast and slow processes. The an-
gular behavior of the observed width with the scatter-
ing angle in Fig. 3(c) does not mean that the time scale
depends on the scattering angle. It comes from the fact
that the decay time (h¯/Γ ) is close to the system rota-
tion time (2π/ω), which creates an interference on the
NEAF giving the impression of a change in the time
scale. In the case of the 12C+ 19F reaction, which has
a larger number of open channels, the extracted width
is consistent with the compound nucleus mechanism
at all the binary exit channels, Q-values and angles.
The results are summarized in Table 1. The values in-
dicated for the decay width (Γ ) correspond to averages
over the angle, bombarding energy and excitation en-
ergy in the exit channel (see Fig. 3). Because of the
small and large step measurements performed for theFig. 2. (a) Typical excitation functions for the reaction
10B(16O, 12C)14N with small (circles) and large (squares)
energy steps measured independently. (b) Excitation function with
large energy step (center of mass energies were corrected to take
into account the energy loss in the target). The solid lines repre-
sent the average cross section. (c), (d) Respective autocorrelation
functions. The solid curves represent the POMLM model predic-
tions. Note the good fit quality to the leading part of the correlation
function as well as the following oscillations.
10B+ 16O reaction it was possible to estimate the ratio
R between cross section of the slow and fast processes.
The target used for the large energy step measurement
is thick enough to average the fluctuations due to the
slow process because of the higher energy loss of the
beam in the thicker target. In this case, the large step
measurement is sensitive only to the fast process while
the small energy step measurement is sensitive to both
processes. Using the same average cross section in
both excitation functions a ratio R can be extracted by
comparison between the amplitude of the energy auto-
correlation function C(ε, θ) [12]. Fig. 4 shows this ra-
tio for the elastic scattering channel (Fig. 4(a)) and for
the inelastic channels (Fig. 4(b)). The continuous line
is the prediction from the POMLM model, normalized
to the data. It is clear that the slower process becomes
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channels as a function of the scattering angle for small energy steps
excitation functions. (b) Decay widths for the 12C(19F, 12C)19F and
10B(16O, 12C)14N channels as a function of the mutual excitation
energy, for small energy steps excitation functions. (c) Decay widths
for the 10B +16 O elastic channel, measured with large energy
steps, as a function of the scattering angle. (d) Decay widths
for the 10B(16O, 12C)14N channel as a function of the mutual
excitation energy for different scattering angles, for large energy
steps excitation functions. The curves represent the expected values
based on the POMLM model.
dominating as the scattering angle increases or the ex-
citation energy increases. In this case, the slow process
can have twice as much cross section of the fast one.
We have investigated the time scale of binary de-
cays in light-heavy ion reactions by means of particle-
particle correlations at low relative momenta and cross
section fluctuations in the excitation functions. These
two methods have proven to be complementary and
sensitive enough to identify possible correlations be-
tween the mechanism and time scales of light heavy-
ion reactions at different decay steps of the compound
system. Some reactions like 10B +16 O have shown
the coexistence of an equilibrated compound nucleus
(with small decay widths Γ of the order of tens ofFig. 4. (a) Experimental values for the ratio between the cross
section for the slow and fast processes, for the elastic channel in the
10B+16 O reaction as a function of the scattering angle. The curves
represent the expected values based on the POMLM model. (b) The
same for the 10B(16O, 12C)14N inelastic channels as a function of
the excitation energy.
keV) with a molecular-like intermediate system for
some exit channels (with larger decay widths of the
order of 300 keV). On the other hand, the 12C + 19F
reaction, which presents a larger number of open chan-
nels (NOC) is expected to be dominated by pure com-
pound nucleus for all excitation energies and scatter-
ing angles. Future measurements at large energy step
will be done to check this assumption. Time scales ex-
tracted from cross section fluctuation measurements,
associated with the lifetime of the compound nucleus,
are consistent with the values extracted from the corre-
lation measurements at small relative momenta, which
are associated with the time scale of the sequential de-
cay of a composite system indicating that the system
reequilibrates before each decay. It has been shown
that the decay of an equilibrated compound nucleus, in
this mass region, occurs within a time scale of 10−20 s
and the sequential decay path can be identified using
velocity difference spectra. A drastic time scale com-
pression has been observed independently of the in-
elasticity of the process, in contrast with the case ob-
served in heavier systems.
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different reactions. However, due to the fact that the
cross section fluctuation method is sensitive to the
compound nucleus lifetime and the particle–particle
correlation function to the lifetime of the first decay
residue, only a few channels will be probed by both
methods simultaneously. In the specific case of the
26Al compound nucleus formed by the 10B + 16O
entrance channel or 12C+ 16O ⇒ 28S ⇒ d+ 26Al ⇒
α + 22Na it has been possible to compare both results
which were shown to be consistent: τ = (1.9± 0.4)×
10−20 s and τ = (4.0 ± 2.8)× 10−20 s, respectively.
These results further support the picture that, in the
case of the 12C + 16O ⇒ d + 26Al ⇒ α + 22Na, the
alpha particle is emitted after the evaporation residue
26Al nucleus reached the statistical equilibrium.
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